Adsorption (2013) 19:131-142
DOI 10.1007/s10450-012-9433-z

On the description of isotherms of CH4 and C,H4 adsorption
on graphite from subcritical to supercritical conditions

Reconciliation between computer simulation and experimental data

Mus’ab Abdul Razak - D.D. Do - Toshihide Horikawa -
Keita Tsuji - D. Nicholson

Received: 6 August 2012 / Accepted: 24 September 2012 / Published online: 3 October 2012

© Springer Science+Business Media New York 2012

Abstract Different potential models for methane and ethy-
lene are tested for their suitability for the description of bulk
phase behavior, including coexistence, and adsorption on a
graphite surface under sub- and super-critical conditions us-
ing GCMC simulation. Under sub-critical conditions, those
intermolecular potential models that describe correctly the
vapor-liquid equilibria were found to be adequate for the de-
scription of surface adsorption. These potential models can
also give a good account of adsorption under supercritical
conditions or near-critical conditions, provided the experi-
mental data (in terms of excess) are correctly obtained with
the reliably determined void volume as illustrated in this pa-
per with methane adsorption.
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1 Introduction

Adsorption of gases under supercritical conditions has at-
tracted good interest recently, by many research groups,
both experimentally and theoretically because of its impor-
tance in applications such as energy storage of natural gas
and hydrogen (Poirier et al. 2001; Malbrunot et al. 1996;
Darkrim et al. 2002). Experimental studies of these gases
and other gases are abundant in the literature; for example,
Zhou et al. (2002) studied methane and nitrogen adsorption
from sub- to supercritical region on silica gel, and Malbrunot
et al. (1992) studied the adsorption of argon, krypton, neon,
nitrogen and methane on activated carbon above the critical
point region using a dielectric method. While Salem et al.
(1998) dealt with adsorption of argon, nitrogen and methane
on 13X molecular sieve and activated carbon over a wide
range of temperatures and pressures.

Theoretical studies of supercritical fluids stem from not
only the importance of energy storage but also the need
to understand better the various interesting behaviors ob-
served under supercritical conditions; for example, the ex-
istence of a maximum in the adsorption isotherm (plotted
as surface excess versus pressure) (Menon 1968; Ozawa
et al. 1976; Specovius and Findenegg 1978; Jiang et al.
1994). With the use of molecular simulation methods such
as Monte Carlo (MC), Molecular Dynamics (Allen and
Tildesley 1989; Nicholson and Parsonage 1982; Frenkel and
Smit 1996) (MD) and Density Functional Theory (DFT) (El-
Merraoui et al. 2000; Tanaka et al. 2002; Ustinov 2009), ad-
sorption of gases on non-porous surfaces is understood espe-
cially at temperatures below the critical points, but there is
a need for further research in supercritical adsorption, es-
pecially the reconciliation between the simulation results
and experimental data. Many relevant theoretical and sim-
ulation papers have appeared in the past two decades using
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Monte Carlo (Do and Do 2005a; Tan and Gubbins 1990;
Matranga et al. 1992; Darkrim et al. 1999; Kowalczyk
et al. 2005), DFT (Jiang et al. 1994; Murata et al. 2001;
Ustinov and Do 2003), Ono-Kondo analysis (Aranovich and
Donohue 1996; Hocker et al. 2003; Gao et al. 2004), and
empirical or semi-empirical approaches (Murata et al. 2001;
Kaneko and Murata 1997; Agarwal and Schwarz 1988).

We have studied adsorption of many gases on graphite
under sub-critical conditions using Monte Carlo simula-
tion (Do and Do 2005b; Nguyen et al. 2010; Abdul Razak
et al. 2011), and have found that those potential models that
describe the vapor-liquid equilibria well are also suitable
for the description of adsorption. In this paper, we chose
methane and ethylene as model adsorbates to study their ad-
sorption over a wide range of conditions, from sub-critical
to near-critical and supercritical. Experimental data for these
gases on graphite surfaces over a wide range of tempera-
ture are available in the literature (Specovius and Findenegg
1978, 1980; Avgul and Kiselev 1970).

2 Theory

The different potential models available in the literature that
can be used to describe dispersive, repulsive and electro-
static interactions for methane and ethylene, are listed in Ta-
ble 1.

The interaction energy between a site a on a molecule i
with a site b on a molecule j is calculated with the following
Lennard-Jones 12-6 equation:
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The Lorentz-Berthelot (LB) mixing rules are used to obtain
the cross collision diameter o (“?) and the cross well-depth
£@b)  The interaction between a charge o on a molecule
i and a charge § on a molecule j is determined via the
Coulomb law of electrostatic interaction:
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where g¢ is the permittivity of free space (g9 = 8.8543 x
10712 C2j-Tm™).

The solid-fluid potential between a site i and the surface
is calculated with the Steele 10-4-3 equation (Steele 1973).
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Here the wall potential energy parameter ¢y is given by
ow = 4nps8(“"') [0(@9]2, where ps 1s the density of carbon
atoms per unit surface area (p; = 38.2 nm~2). The solid-
fluid well-depth of the interaction energy is calculated from
the following equation, £ = (1 — kgp) - V(@@ . glc.0),
where a and ¢ denote adsorbate and carbon, respectively,
and kg is the binary interaction parameter. The molecular
parameters of the carbon atom in graphite are o = 0.34 nm
and ¢/kp =28 K.

2.1 Adsorption surface excess

The surface excess of adsorption is defined as the excess
above a reference amount, given by:
/
r— (N)—V'pp @
A

where (N) is the ensemble average of the number of particle
in the simulation box, V' is the void volume, o, is the bulk
density and A is the area of the graphite wall. Since the two
terms on the RHS of Eq. (4) are comparable under super-
critical conditions, the reliability of the calculated surface
excess depends critically on the accuracy of the void vol-
ume and the bulk gas density. Assuming the bulk gas density
is accurately known or calculated from a reliable equation
of state, the issue lies with the void volume, and we shall
show below how important this is for methane adsorption
on graphite under supercritical conditions.

The void volume is commonly determined experimen-
tally by helium expansion; to have a direct comparison be-
tween the simulation and experimental data we need to de-
termine the helium void volume by carrying out simulation
of helium adsorption at 1 atm and ambient temperature. By
assuming zero excess of helium (as is also assumed in exper-
imental calculations), the He-void volume can be calculated,
as the average number of helium molecules in the simulation
box divided by the helium density (from Eq. (4)).

2.2 Grand canonical Monte Carlo simulation

The molecular simulations were carried out using Grand
Canonical Monte Carlo (GCMC) (Allen and Tildesley 1989;
Frenkel and Smit 1996). The MC parameters used in this pa-
per are: (i) the box lengths in the x- and y-directions were at
least 15 times the collision diameter, (ii) the cut off radius for
the calculation of the potential energy was either five times
the collision diameter or half the shorter linear dimension
of the box, and (iii) the number of cycles for equilibration
and sampling steps was 50,000, with 1000 displacement, in-
sertion and deletion moves in each cycle chosen with equal
probability. Periodic boundary conditions were imposed at
the boundaries in the x and y directions. In the z direction,
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Table 1 Molecular parameters of methane and ethylene

Adsorbates o e/kg  q 0%  Ic.c IlcH  PHeH 8 Ref.
(nm) (K) (e) ) (nm) (nm) ©) (nm)
Methane TraPPE CHy; 0.373 148.00 Martin and Siepmann (1998)
Steele CHy; 0.381 148.10 Steele (1973)
Ohba CHy; 0.372 161.30 Ohba et al. (2004)
Sun C 0.340 55.06 —0.660 0.109 109.5 Sun et al. (1992)
H 0.265 7.90 0.165
Ethylene TraPPE CH; 0.368 85.00 0.154 Wick et al. (2000)
AUA-4 CHs 0.348 111.10 0.154 0.0295 Bourasseau et al. (2003)
Vrabec CHs 0.376 76.95 2.347 0.127 Vrabec et al. (2001)
NERD CH; 0.379 84.70 0.154 Nath et al. (2001)
SET CH; 0.363 91.40 0.148 Spyriouni et al. (1998)
OPLS-AA C 0.355 38.27 —0.230 0.133 0.109 1174 Jorgensen et al. (1996)
H 0.242 15.11 0.115
4§ is the carbon to centre distance
4 4
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Fig. 1 Density profile of methane adsorption at 298 K and 30 MPa (a) using two independent surfaces, and (b) using one surface and a hard wall

at the boundaries

both ends were terminated by a graphite surface at a distance
of at least 20 (for methane) and 30 times (for ethylene) the
collision diameter. This ensures that the system behaves as
two independent surfaces and the fluid in the middle of the
pore behaves as a bulk fluid. The alternative of using a hard
wall at one boundary in the z-direction, has a spurious effect
on the density profile especially when we deal with super-
critical adsorption, as shown in the local density profile of
methane adsorption at 298 K and 30 MPa in Fig. 1. The
highlighted area Fig. 1b indicates the spurious effect at the
hard wall boundary while such effect is absent when two
surfaces were used as shown in Fig. 1a.

2.3 Gibbs ensemble Monte Carlo simulation

The phase coexistence of vapor and liquid equilibrium was
determined using Gibbs ensemble MC with two uncon-
nected simulation boxes (Frenkel and Smit 1996; Pana-
giotopoulos et al. 1988). In this simulation, there are three
moves: One is the displacement and rotation of molecules
in each box, the second is the interchange of a particle be-
tween the two boxes, and the third is the volume change
while maintaining the total volume constant. The probabil-
ities for these three moves were 0.333, 0.665, and 0.002,
respectively.
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Fig. 2 VLE phase diagrams for methane: (a) linear scale of density (fop LHS) and (b) log scale of density (top RHS), (¢) vapor pressures versus

temperatures (bottom)

2.4 Isobaric-isothermal Monte Carlo simulation

The bulk behavior was determined using the isobaric-
isothermal ensemble MC (Allen and Tildesley 1989; Frenkel
and Smit 1996). In this simulation, there are two moves:
the displacement and rotation of the adsorbate, and volume
expansion or contraction. The MC parameters used in this
work were: (i) 500 particles, (ii) a cut-off radius of half
of the dimension of the box for the calculation of the po-
tential energy, and (iii) 50,000 cycles each for the equili-
bration and sampling steps, with 1000 displacement, inser-
tion and deletion moves of equal probability in each cycle.
Periodic boundary conditions were imposed at all bound-
aries.
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3 Results and discussion

In adsorption systems the density distribution is not uniform;
typically the smoothed density changes from high, close to
the surface (liquid-like), to that of the surrounding bulk gas,
and therefore the potential model for the adsorbate has to be
able to describe the vapor-liquid equilibrium correctly. Pre-
viously we have shown that in the case of argon adsorption
on graphite, the potential model of Michels et al. (1949),
which gives a good account of the vapor-liquid equilibrium
(VLE), is suitable for the description of many adsorption
systems, ranging from adsorption on a graphite surface (Do
and Do 2005b, 2005c¢) to that in the confined space of cylin-
drical pores (Liu et al. 2011). Here we shall further test this
argument with various potential models for methane and
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Fig. 3 The bulk behavior of methane at (a) 113 (subcritical conditions), (b) 298 and 323 K (supercritical conditions)
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Fig. 4 Adsorption isotherm of methane on graphitized thermal carbon
black at 113 K (Avgul and Kiselev 1970)

ethylene in the description of VLE and bulk phase behavior
and then in the description of adsorption on graphite under
sub- and super-critical conditions.

3.1 Methane
3.1.1 Vapor-liquid equilibria and bulk phase behavior

Results of VLE from the Gibbs Ensemble Monte Carlo sim-
ulations are shown in Fig. 2 for different potential models.
Among these models tested, the TraPPE model is the most
satisfactory.

This might be expected since the parameters of TraPPE
model were optimized against the VLE data. Other models
fail in some descriptions of the experimental data, for ex-
ample the potential model suggested by Ohba et al. (here-
after called the O-model) fails to describe the co-existence
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Fig. 5 Adsorption isotherm of methane on graphitized thermal carbon
black at 113 K at higher loading (Avgul and Kiselev 1970)

of two phases, due to its relatively large well depth (¢/kp =
161.3 K). Surprisingly, the atomically detailed model pro-
posed by Sun et al. (5 LJ sites and 5 partial charges) cannot
describe the VLE data correctly. This failure to describe the
VLE data is also transferred to a poor description of the ad-
sorption data. For clarity we shall take the TraPPE model
and the O-model as representative of those describing the
VLE data most faithfully and least faithfully respectively.
For the description of the bulk gas behavior, we con-
ducted isobaric-isothermal ensemble Monte Carlo (NPT)
simulations to obtain the chemical potential versus density.
The simulation results were then compared with the accu-
rate Wagner equation of states (EOS) (Setzmann and Wag-
ner 1991; Smukala et al. 2000). Figure 3 shows the simula-
tion results for 113, 298, and 323 K (the first temperature is
below the critical point). These temperatures were selected

@ Springer



Adsorption (2013) 19:131-142

12
O 298K
o~ TraPPE
& 191/ --- onba S
= -7 b,
g 8 /,/ o = 0
=, // \\
N—' ~
@ / \\\
s 6 2, N
Q
&
o 414
Q
&
5
@ 2]
0 ‘ ‘ -
0 1 2 3 4
P/P, ()
(@)

12
O 323K
< TraPPE
E 10 1| === ohba
—
[=}
g 81 ===
ES _o-T5ETRes
e -

% 6 ,// \\\\
Q z
13}
= V
m /
o 4
Q
&
5
a2

0 T - r

0 1 2 3 4
P/P(-)
(@)

Fig. 6 Adsorption isotherm of methane on graphitized thermal carbon black at 298 and 323 K, plotted against Specovius and Findenegg

data (Specovius and Findenegg 1978)

Table 2 The binary interaction

parameters at various Specovius Data Our Data

temperatures for the TraPPE and

O-models T (K) 298 K 323K 288 K 298 K
TraPPE —0.1 —0.08 0.05 0.05
Ohba —0.05 —0.01 0.07 0.07

because the adsorption data are available. Like the descrip-
tion of VLE earlier, the TraPPE model description of the
bulk phase is very good and is rather poor for the O-model.
This has a significant ramification in the calculation of sur-
face excess, and incorrect results for supercritical conditions
are expected with the O-model.

3.1.2 Adsorption on graphitized thermal carbon black
under subcritical conditions

We compare our model predictions with the experimental
data of methane adsorption on graphitized thermal carbon
black, Sterling FT(2800) (Avgul and Kiselev 1970). This
carbon black has a N»-BET surface area of 12.2 m?/g.
Because of the difference between the saturation pressures
from simulation and experimental data, we plot the adsorp-
tion isotherm as the surface excess versus the relative rather
than absolute pressure. The results for methane adsorption
at 113 K are shown in Fig. 4 on a log-log scale in order to
highlight the sub-monolayer region. The O-model fails to
describe the experimental data, whereas the agreement be-
tween the TraPPE model and the data is better, for reasons
that we have mentioned earlier. It is noted that the binary in-
teraction parameters, ksr, are different for different poten-
tial models. The ksr applied for the TraPPE and O-model
are —0.02 and —0.03, respectively.

@ Springer

To test the suitability of the potential models in the de-
scription of the multilayer region, we show in Fig. 5 the
simulation results and the data in the linear scale. It is once
again found that the TraPPE model describes the multilayer
region better than the O-model.

3.1.3 Adsorption on graphitized thermal carbon black
under supercritical conditions

Supercritical adsorption isotherms unlike sub-critical iso-
therms exhibit a maximum. Adsorption data for methane
and argon on Graphon under supercritical conditions have
been measured by Specovius and Findenegg (1978), and
were used to test the simulation results. Here we present
only the simulation results of methane; the results for ar-
gon are given in the Supplementary Material for reference.
To compare the simulation results against the experimental
data, we scale the pressure by its respective critical pressure
because the critical properties differ between the simulation
and the experimental data. The experimental critical prop-
erties are taken from NIST (Linstrom and Mallard 2001),
and for the simulation are estimated as suggested by John-
son et al. (1993); the LJ-critical pressure being 0.13 (in re-
duced units). The critical pressures used in this work were
4.61, 5.12, 5.62 MPa for experimental data, TraPPE and O-
models, respectively. Figure 6 shows the simulation results
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Fig. 7 The comparison between our data with Specovius and Findenegg data for the adsorption isotherm of (a) methane and (b) argon on
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8
O 298 K - Specovius Data

ep A 298 K- Our Data

s Michels

— 6 o O O
o

g

=,

SN

%

5 4

o

>

8

]

Q

& 21

—

=]

n

(O - - ‘
0 1 2 3 4

P/P_(-)
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of TraPPE and O-models for methane adsorption at 298 and
323 K and the corresponding experimental data (Specovius
and Findenegg 1978). The binary interaction parameter used
to match the simulation results and the data in the low pres-
sure region (Henry law region) are listed in Table 2. There is
slight disagreement between the simulation results for both
models; the data especially at 298 K, from the TraPPE model
being the better.

In view of the fact that the simulation results describe
the experimental data well under sub-critical conditions, the
failure to describe the data under supercritical conditions
raises a serious question of why the molecular models fail
to describe such a very simple adsorption system since the

failure to do so for a simple system can lead to serious doubt
about its ability to describe more complex systems. This
slight disagreement could either be due to a deficiency in the
potential model or that the experimental data are not suffi-
ciently accurate since a small error in the void volume can
lead to the wrong surface excess density (Do et al. 2010;
Fan et al. 2010). To confirm the accuracy of the experi-
mental data (Specovius and Findenegg 1978), we carried
out measurements of methane and argon adsorption on the
highly graphitized thermal carbon black (Carbopack F from
Supelco) at 288 and 298 K with a high pressure microbal-
ance (BELSORP-BG). The comparison between our exper-
imental isotherm at 298 K and the earlier results is shown in
Fig. 7 for methane and for argon. The excellent agreement
between our argon results and the earlier experimental data
(Fig. 7b) confirms that the discrepancy between experiment
and simulation results for argon (Fig. 8) would rest with ei-
ther the potential model or the deficiency of the simulation
method for the description of supercritical adsorption. On
the other hand, the disagreement between the two sets of ex-
perimental data for methane shown in Fig. 7 suggests that
there may be an error in the determination of the void vol-
ume in the earlier results. Several points could be made to
support this argument: (i) the smoother curve obtained in our
data, (ii) the better equipment used in our work, enabled us
to control the pressure and temperature more accurately and
(iii) the high negative value of ksr necessary to fit the lit-
erature data (because of the possible over-determination of
the experimental adsorption excess). Normally this param-
eter is very small when determined for sub-critical adsorp-
tion.
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Figure 9 shows the simulation results for TraPPE and O-
models for methane adsorption at 288 and 298 K and our ex-
perimental data. Interestingly, the TraPPE model describes
the data very well using smaller kg given in Table 2, which
further supports the argument that the void volume in the
literature data might be incorrectly determined. However,
due to the limitation in the available pressure range of our
equipment, we could not obtain a clear maximum excess.
To investigate further, we consider ethylene next as its ex-
perimental data show a clear and sharp maximum in the plot
of the excess density versus pressure when temperatures are
close to the critical point.

3.2 Ethylene

3.2.1 Vapor-liquid equilibria and bulk phase behavior

For ethylene, we considered six sets of molecular parame-
ters which have been proposed in the literature (Table 1).
With the exception of the OPLS-AA model (which explic-
itly accounts for all atoms and partial charges), all the mod-
els treat ethylene as a collection of two united atoms (CH;)
(Ryckaert and Bellemans 1978). The Vrabec model has an
additional point quadrupole located between the two united
atoms.

Figure 10 shows the of vapor-liquid equilibrium (VLE)
curves from the TraPPE, AUA-4 and OPLS-AA models
(VLE results for other models are available in the Supple-
mentary Material). The OPLS-AA, where the molecular pa-
rameters are not optimized against the VLE data, give the
worst agreement, and AUA-4 the best.

The bulk fluid results obtained from the isobaric-iso-
thermal ensemble Monte Carlo (NPT) simulations are com-
pared with the accurate Wagner equation of states (EOS)
(Setzmann and Wagner 1991; Smukala et al. 2000) in
Fig. 11. The figure shows results for chemical potential ver-
sus density at 173, 193, 283, 303 and 323 K obtained with
the OPLS-AA and AUA-4 models. Both models describe the
bulk fluid under sub-critical conditions well, but only the
AUA-4 is satisfactory under supercritical conditions. The
failure of the OPLS-AA model in its description of VLE
and the bulk fluid is translated to the poor description of
adsorption data as we shall show next.
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3.2.2 Adsorption on graphitized thermal carbon black
under subcritical conditions

The comparison between the simulation results obtained
from the AUA-4 and OPLS-AA models and the experimen-
tal data of Avgul and Kiselev at 173 and 193 K is shown in
Fig. 12 on a log-log scale. The two models describe the data
reasonably well over the sub-monolayer region, but the de-
scription of the second layer is better with the AUA-4 model.
This reinforces our earlier argument that good description of
VLE of a potential model leads to a good description of ad-
sorption on a surface.

@ Springer

3.2.3 Adsorption on graphitized thermal carbon black
under supercritical conditions

Experimental data under supercritical and near-critical con-
ditions available in the literature (Specovius and Findenegg
1980), were used to test the molecular models. The simula-
tion results, from the AUA-4 and OPLS-AA models are pre-
sented in Fig. 13 together with the experimental data at 303
and 323 K. The results show that the AUA-4 model could de-
scribe the experimental data reasonably well especially the
position of the maximum in the adsorption excess. However
the OPLS-AA gives rather poor agreement with experiment
which can be attributed to the failure of this model to de-
scribe the VLE and the bulk phase data.

3.2.4 Adsorption on graphitized thermal carbon black near
critical points

The experimental data for ethylene adsorption on Graphon
from Specovius and Findenegg (1980) provide a critical test
for potential models because they exhibit a very sharp max-
imum at 283 K, which is just above the critical temperature
(282.35 K). Figure 14 shows the simulation results using
AUA-4 and OPLS-AA models and the experimental data.
The AUA-4 model is in remarkably good agreement with ex-
periment matching both the position and magnitude of this
spike. The maximum from the OPLS-AA model is lower
and displaced to higher pressure even though it accounts ex-
plicitly for all atoms in the molecule since the parameters
are not optimized as remarked earlier.
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4 Conclusions

In this paper we have presented a simulation study of
methane and ethylene adsorption on a graphite surface un-
der sub-critical and supercritical conditions with various po-
tential models. Under supercritical conditions, the simula-
tion results for potential models that describe the VLE and
bulk phase well were also found to give a good descrip-
tion of the experimental adsorption isotherms, provided that
the adsorption data and the void volume are accurately de-
termined. These requirements are not so stringent at sub-
critical temperatures because of the very low bulk density
compared to the density of the adsorbed phase.

We conclude that in order to achieve an accurate descrip-
tion of adsorption, a potential model needs to be optimized
against the bulk fluid behavior and the VLE, and that the ex-
perimental data must be obtained correctly and accurately.
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